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Phase Equilibria in Hydrocarbon Systems
II. Methane-Propane System
Bruce H. Sage, William N. Lacey, and Jan G. Schaafsma
California Institute of Technology, Pasadena, Calif.
IN
STUDIES of the equilib-
rium behavior of systems
consisting of hydrocarbons,
such as the mixtures of petro-
leum and natural gas found in
nature, the investigator is faced
with a problem of great com-
plexity. It would seem desir-
able, therefore, to approach the
problem by establishing first
the behavior of some simpler
hydrocarbon systems under
similar conditions of temperature and pressure. By choosing
a two-component system, a complete record of equilibrium
data may be obtained for the desired range of conditions at the
expense of a small fraction of the time required to reach even
a partial solution of the very complex case.
The results of such a study of the methane-propane system
are here reported. The pressures and temperatures were
restricted to those generally found in petroleum formations—
PRESSURE ATMOSPHERES
Figure 1. Typical Experimental Curves
from Equilibrium Cell
i. e., 1 to 200 atmospheres and 20° to 90° C. The composi-
tions were varied continuously from pure propane to pure
methane. Measurements of density and composition were
made in both the one- and two-phase regions, including a
large region above the critical pressures of the system.
Experimental Method
A detailed description of the apparatus used and methods
employed for a two-component system is given in Part I
of this series (6). In brief the method consisted of the fol-
lowing steps: The pressure-composition relations of satu-
rated gas1 were determined by dew point measurements at a
series of temperatures. Eight or ten different compositions
1 The term “saturated gas” is used here to designate the gaseous phase
in equilibrium with a corresponding liquid phase. The latter pi ase is re-
ferred to as the saturated liquid.
were employed at each tempera-
ture. Dew points were obtained
for both normal and retrograde
condensation.
The total density and com-
position were determined by
measuring the increase in
equilibrium pressure due to the
addition of successive known
quantities of methane to an
equilibrium cell containing
a known amount of propane.
By a series of seven or eight sets of measurements of this
nature at systematically chosen concentrations of propane
(expressed as grams per liter of total space), the entire field
of compositions could be mapped for the chosen temperature.
For illustration, two such sets of measurements made at 21.1
C. (70° F.) are shown in Figure 1. In the case of the curve
with the lower concentration of propane there was very little
liquid phase in the equilibrium cell and this rapidly dis-
appeared. In the other case the cell was over half full of
liquid at the beginning of the addition of methane, and the
volume of the liquid phase increased until the cell was com-
pletely full at the break in the curve. This point represents
the pressure of saturated liquid of the composition corre-
sponding to the total composition of the mixture at this point.
The locus of these break points for different sets of measure-
ments gave the relations of pressure, density, and composition
for saturated liquid. The volume of the liquid phase was
also measured after each addition of methane to furnish a
check on the boundary measurements. These measure-
ments "were carried on at five temperatures evenly distributed
Figure 2. Constant Composition Curves
on Pressure vs. Temperature Diagram
The methane-propane system is studied
throughout the temperature and pressure ranges
commonly found in underground petroleum
formations. This system may be considered as
illustrating the behavior of a simplified case of
natural gas in contact with very high-gravity
volatile oil. Complete equilibrium data are
accompanied by illustrative diagrams prepared
therefrom.
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Table I. Densities of Mixtures of Methane and Propane
(Compositions expressed in mole per cent methane, densities in grams per liter)
20.0 Mole % 30.0 Mole % 40.0 Mole % 50.0 Mole % 60.0 Mole % 70.0 Mole % 80.0 Mole % 90.0 Mole %
Den- Den- Den- Den- Den- Den- Den- Den-
Pressure sity State sity State sity State sity State sity State sity State sity State sity State
Atm.
TEMPERATURE, 20 ° c.
10.0 18.0 G 16.3 G 14.8 G 13.3 G 11.8 G 10.4 G 9.2 G 8.0 G
20.0 107.8 L + G 61.4 L + G 41.1 L + G 29.4 L - G 24.2 G 21.1 G 19.0 G 16.3 G
30.0 245.5 L + G 126.9 L + G 84.9 L + G 59.7 L - G 44.0 L + G 35.0 G 29.5 G 24.6 G
40.0 381.4 L + G 213.7 L + G 135.4 L + G 92.7 L h G 67.3 L + G 50.9 G 41.4 G 33.8 G
50.0 308.5 L + G 193.1 L + G 130.8 L - h G 93.7 L + G 70.1 R 54.8 G 43.9 G
60.0 421.8 L + G 260.1 L + G 174.3 L f- G 123.3 L + G 91.5 R 69. r G 55.0 G
70.0 339.3 L + G 221.8 L h G 156.1 L + G 113.8 R 85.6 G 66.2 G
80.0 385.0 L 279.5 L - G 195.0 L + G 138.2 R 102.3 G 78.2 G
90.0 393.5 L 333.6 L 239.2 L + G 167.2 R 119.6 G 90.3 G
100.0 400.1 L 345.5 L 276.2 L 196.1 G 138.0 G 102.1 G
120.0 410.5 L 366.0 L 306.0 L 235.7 G 172.8 G 127.5 G
140.0 418.8 L 380.0 L 327.8 L 265.6 G 203.0 G 147.4 G
160.0 425.7 L 391.1 L 344.0 L 286.9 G 227.1 G 172.9 G
180.0 432.8 L 401.3 L 357.1 L 304.0 G 247.9 G 193.0 G
200.0 438.8 L 410.0 L 367.7 L 317.4 G 265.5 G 210.9 G
TEMPERATURE, 40 0 c.
10.0 16.8 G 15.2 G 13.9 G 12.6 G 11.3 G 10.0 G 8.6 G 7.6 G
20.0 47.1 L + G 34.2 G 31.7 G 26.0 G 23.2 G 20.0 G 17.7 G 15.1 G
30.0 152.1 L + G 83.9 L + G 58.6 L + G 44.0 G 37.6 G 31.2 G 26.3 G 22.8 G
40.0 270.8 L + G 146.9 L + G 97.7 L + G 70.1 L + G 55.0 G 44.8 G 37.1 G 31.1 G
50.0 417.8 L 224.6 L + G 141.5 L + G 99.3 L + G 75.4 G 58.7 G 48.4 G 40.0 G
60.0 422.1 L 316.6 L + G 193.0 L + G 133.1 L + G 96.7 R 74.8 G 60.6 G 49.6 G
70.0 427.2 L 384.2 L 255.1 L + G 170.1 L + G 123.1 R 93.3 G 73.6 G 59.4 G
80.0 393.1 L 326.6 L + G 211.0 L + G 150.0 R 112.7 G 87.0 G 69.0 G
90.0 400.2 L 347.2 L 264.2 L + G 180.1 G 132.3 G 101.9 G 78.8 G
100.0 406.1 L 358.8 L 289.5 L 209.7 G 151.6 G 115.9 G 89.1 G
120.0 416.7 L 376.1 L 317.8 L 249.6 G 188.5 G 144.5 G 110.2 G
140.0 425.2 L 388.6 L 337.1 L 278.2 •Q 220.1 G 169.8 G 129.5 G
160.0 433.3 L 399.4 L 352.5 L 299.2 G 245.0 G 192.8 G 149.8 G
180.0 440.0 L 407.3 L 365.1 L 316.4 G 263.8 G 213.1 G 167.7 G
200.0 415.1 L 375.4 L 331.0 G 279.8 G 229.2 G 183.7 G
TEMPERATURE, 666 c.
10.0 16.3 G 14.8 G 13.2 G 12.1 G 10.9 G 9.6 G 8.3 G 7.1 G
20.0 35.2 G 30.3 G 27.5 G 24.5 G 22.0 G 19.4 G 16.7 G 14.3 G
30.0 88.4 L + G 52.0 G 44.9 G 38.8 G 33.8 G 29.6 G 25.5 G 22.0 G
40.0 188.0 L + G 105.2 L + G 67.0 G 56.3 G 47.8 G 40.0 G 35.0 G 29.4 G
50.0 295.6 L -f- G 166.4 L + G 107.9 L + G 77.9 G 64.0 G 52.7 G 44.4 G 37.2 G
60.0 379.1 L 236.7 L + G 150.6 L + G 105.9 R 82.2 G 66.5 G 54.9 G 45.6 G
70.0 389.9 L 320.3 L + G 198.1 L + G 136.2 R 102.1 G 81.1 G 65.8 G 54.2 G
80.0 397.3 L 345.2 L 252.5 L + G 119.4 G 123.6 G 96.4 G 77.2 G 63.2 G
90.0 403.4 L 359.8 L 284.2 L 202.6 G 145.7 G 111.9 G 89.1 G 71.9 G
100.0 408.4 L 369.7 L 306.3 L 231.7 G 168.3 G 127.5 G 101.4 G 80.8 G
120.0 384.2 L 336.7 L 274.1 G 211.3 G 159.9 G 125.5 G 98.8 G
140.0 395.3 L 356.3 L 302.8 G 243.3 G 190.0 G 149.4 G 117.1 G
160.0 405.3 L 371.8 L 324.1 G 268.4 G 216.9 G 171.2 G 135,2 G
180.0 414.4 L 383.2 L 338.6 G 288.6 G 237.9 G 191.5 G 152.1 G
200.0 392.2 L 351.7 G 304.9 G 256.1 G 208.8 G 166.9 G
TEMPERATURE, 70 * c.
10.0 15.5 G 14.1 G 12.8 G 11.5 G 10.3 G 9.1 G 7.9 G 6.8 G
20.0 33.5 G 29.1 G 26.5 G 23.8 G 21.1 G 18.8 G 16.4 G 13.7 G
30.0 57.9 G 46.8 G 42.0 G 36.5 G 32.3 G 27.7 G 24.9 G 20.4 G
40.0 113.1 L + G 71.5 G 59.2 G 51.0 G 44.8 G 38.0 G 33.4 G 28.0 G
50.0 201.6 L + G 113.6 L + G 82.0 G 67.8 G 57.5 G 48.9 G 42.0 G 35.2 G
60.0 308.5 L + G 173.7 L + G 113.2 G 87.3 G 71.2 G 60.3 G 50.9 G 42.7 G
70.0 339.8 L 239.5 L 153,9 G 109.9 G 87.5 G 72.2 G 60.8 G 50.8 G
80.0 353.9 L 283.8 L 196.4 G 136.7 G 104.4 G 85.1 G 70.9 G 58.8 G
90.0 362.4 L 310.3 L 232.1 G 165.9 G 122.9 G 98.2 G 81.0 G 67.1 G
100.0 368.8 L 327.0 L 260.6 G 193.8 G 143.2 G 112.9 G 92.2 G 75.0 G
120.0 348.3 L 297.9 G 236.9 G 180.9 G 140.7 G 113.5 G 91.3 G
140.0 364.3 L 324.1 G 269.4 G 215.3 G 168.9 G 135.4 G 107.9 G
160.0 342.9 G 294.8 G 240.9 G 195.6 G 156.4 G 125.1 G
180.0 357.6 G 310.9 G 262.5 G 216.4 G 175.9 G 140.9 G
200.0 368.6 G 326.8 G 279.6 G 234.9 G 191.9 G 155.1 G
TEMPERATURE, 90 0 Cl
10.0 14.6 G 13.2 G 12.0 G 10.8 G 9.7 G 8.5 G 7.4 G 6.4 G
20.0 32.9 G 27.8 G 25.1 G 23.0 G 20.2 G 17.1 G 15.7 G 13.1 G
30.0 54.4 G 45.9 G 41.6 G 36.1 G 31.2 G 26.8 G 24.8 G 20.1 G
40.0 81.7 G 66.0 G 57.0 G 49.0 G 42.3 G 37.0 G 31.8 G 26.8 G
50.0 117.1 G 90.3 G 73.5 G 62.9 G 54.3 G 47.0 G 39.9 G 33.5 G
60.0 169.7 G 118.9 G 93.4 G 78.4 G 66.2 G 56.5 G 47.9 G 40.5 G
70.0 242.2 G 157.8 G 117.4 G 96.3 G 81.0 G 67.8 G 56.9 G 47.3 G
80.0 288.3 G 203.2 G 144.5 G 114.4 G 95.4 G 79.1 G 66.0 G 55.0 G
90.0 313.2 G 238.7 G 175.0 G 134.9 G 111.0 G 91.5 G 74.4 G 62.8 G
100.0 327.7 G 264.8 G 202.9 G 155.8 G 125.3 G 102.9 G 85.0 G 70.1 G
120.0 304.6 G 245.9 G 195.3 G 155.4 G 127.9 G 105.1 G 85.9 G
140.0 330.2 G 278.3 G 226.7 G 183.2 G 150.0 G 124.1 G 100.9 G
160.0 302.2 G 253.2 G 207.8 G 172.0 G 141.1 G 115.9 G
180.0 320.4 G 273.9 G 228.9 G 190.8 G 158.3 G 130.0 G
200.0 335.5 G 291.8 G 244.9 G 209.1 G 174.2 G 142.4 G
over the range from 20 0 to 90 ° C. As illustrated in the curves
of Figure 1, the measurements were carried in each case far
beyond the disappearance of the two-phase region.
Preparation of Materials
The methane used for this work was prepared from natural
gas. The gas under 20 atmospheres pressure was passed
through a trap, immersed in a mixture of solid carbon dioxide
and methanol, to remove water and heavy hydrocarbons.
The gas was then completely liquefied in a steel bomb im-
mersed in liquid air. The partially filled bomb was pumped
down to a pressure of 4 to 6 cm. of mercury for an extended
time to remove nitrogen and other noncondensable gases.
The methane was then partially separated from the other
hydrocarbons by a simple distillation into a cooled (10° C.)
steel cell containing activated charcoal. This cell was oper-
ated at a pressure of about 34 atmospheres. The methane
from the cell was stored in steel cylinders. A combustion
and modified condensation analysis gave the following compo-
sition for the methane:
Mole %
Ethane (and heavier) 0.03
Nitrogen 0.5
Methane 99.47
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Table II. Compositions and Densities of Saturated Liquid and Saturated Gas Phases Experimental Results
(Compositions in mole per cent methane, densities in grams per liter)
Prf.a- COMPOSITION DENSITY COMPOSITION DENSITY COMPOSITION DENSITY
SURE Gas Liquid Gas Liquid Gas Liquid Gas Liquid Gas Liquid Gas Liquid
Atm.
10.0 13.2 0.8
15.0 38.6 7.9 0.7
20.0 50.5 6.2 28.8 491.3 27.3 3.5 36.0 461.9 3.7 0.5 41.8 439.2
25.0 57.5 37.9 19.6
30.0 61.9 11.6 40.8 479.1 45.1 9.2 49,1 448.6 29.2 5.5 55.0 425.8
35.0 65.4 50.3 35.5
40.0 68.1 17.6 54.3 464.9 54.2 14.9 61.5 432.3 40.1 10.8 67.7 407.8
45.0 70.1 57.1 43.9
50.0 71.4 23.6 68.5 447.1 59.2 20.8 75.8 413.9 47.0 16.7 82.9 387.6
55.0 60.6
60.0 72.8 29.8 84.3 424.3 61.5 26.6 93.0 392.0 51.1 22.8 102.1 361.4
65.0
70.0 73.6 36.3 102.2 396.7 62.2 32.9 113.9 366.1 52.4 29.2 127.2 327.8
75.0 52.1 32.6
80.0 73.4 43.6 123.8 361.6 62.1 39.5 140.4 332.9 50.1 37.5 172.4 271.4
85.0 61.4 43.9
90.0 71.4 52.4 155.2 312.8 59.3 50.6 190.2 268.2
95.0 69.0 58.3
4t 70° r 4-    ZN a  > an® r. .
Pres- composition density composition density
sure Gas Liquid Gas Liquid Gas Liquid Gas Liquid
composition density
Gas Liquid Gas Liquid
10.0
15.0
20.0
25.0
30.0 10.3 2 64¡7 4ÓÜ4
35.0 18.9 8.5 2 ¡ 0
40.0 25.2   79.0 38Ü8 14.9 4.6 97*4 361.2 4.4 1.0 127 * 5 3321
45.0 29.9 20,2 12.1 3.8
50.0 33.6 13 Í0 97 35Ü9 24.3 1Ó¡6 1ÍS! 4 328.'1 15.2 6.9 163¡6 282!
55.0 27.4 2.8
60.0 38Í8 19¡9 122 ! 2 318.2 27,3 18.3 171.5 265! 2
65.0
70.0
75.0
80.0
85.0
39.2 24.1
90.0
95.0
Since the direct experi-
mental data, as typified by
the points shown in Figure
1, present the results in a
form difficult to tabulate or
to use, they have been plotted
on as large a scale as is con-
sistent with their accuracy,
and the corresponding curves
drawn. From these curves
points have been read at
suitable regular intervals.
The data so obtained are re-
ported in the tables. The
maximum temperature inter-
polation was 2.20° C. The
absolute accuracy of the
tabulated data is: tempera-
ture to 0.10° C., pressures to
0.10 atmosphere, composi-
tions to 0.10 mole per cent,
and densities to 0.50 gram per
liter.
Table I shows the total
densities for a series of tem-
peratures, pressures, and
total compositions. The
state of the system under
these specified conditions is
Owing to the method of analysis employed, the quantity of
nitrogen reported is possibly somewhat larger than that actu-
ally present.
The propane used for this work was obtained from the Phil-
lips Petroleum Corporation and was not further purified.
The Phillips Petroleum Corporation upon careful analysis,
found the sample to be pure propane, containing neither
ethane nor isobutane in appreciable amounts.
The purity of the methane was further tested by comparison
of its measured densities under various pressures with those
also given. L represents
liquid only; G, gas phase only; and L + G, coexistence of
liquid and gas phases. R denotes the occurrence of retro-
grade condensation. In Table II are given the densities and
compositions of saturated liquid and of gas for a series
of pressures and temperatures. More data are given for
the saturated gas because a correspondingly greater num-
ber of measurements was made on the dew point than on
the saturated liquid boundary. Table III gives critical and
cricondentherm (£) pressures, temperatures, and densities
for a series of compositions.
calculated from pub-
MOL PERCENT METHANE
Figure 3. Constant Temperature
Curves on Pressure vs. Composition
Diagram
lished compressibility
factors (5). The
deviation of the two
values was in all cases
less than one gram per
liter over the entire
pressure range (1 to
200 atmospheres).
The vapor pressure,
as well as the satu-
rated vapor and satu-
rated liquid densities
of the propane, agreed
within experimental
accuracy with pub-
lished values (3).
Accuracy of Meas-
urements
The absolute ac-
curacy of the pres-
sure measurements was 0.10 atmosphere. The temperatures
were measured to 0.01 ° C. and are accurate to at least 0.10° C.
The methane and propane were measured to 1.0 ml. (standard
conditions) with an estimated absolute accuracy of 0.1 per
cent.
Table III. Critical and Cricondentherm Data
---- Critical---·. ,--Cricondentherm----
Composition Temp. Pressure Density Temp. Pressure Density
Mole %
CHi ° C. Atm.
Grams
/liter 0 C. Aim.
Grams
/liter
10.0 91.0 52.1 232 93.7 48.6 199°
20.0 81.2 60.6 232 86.5 53.8 171
30.0 70.9 69.3 232 78.5 58.8 149
40.0 59.3 78.8 231 69.2 63.4 133
50,0 46.3 87.9 231 57.9 67.2 121
60.0 31.1 95.7 229 43.5 70.8 115
70.0 10,4° 99.9 225° 26.8 73.8 113
° Extrapolated.
Discussion of System
In order to aid in visualizing the behavior of the system, a
number of typical plots have been drawn from the tabulated
data. Figure 2 shows the pressure-temperature relations for
three mixtures. The upper part of each curve represents the
vapor pressure of a liquid of that composition; the lower part
represents the pressure for initial condensation of a gas of that
composition. The higher dotted curve is the locus of the
critical points, and the lower dotted curve is the locus of the
cricondentherms for various compositions. These two
curves come together at the critical point of propane, reach
a maximum at somewhat lower temperatures than those
shown on the plot, and again come together at the critical
point of methane. For each composition the point of maxi-
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mum pressure for
the existence of two
phases occurs at a
lower temperature
than the critical.
This difference in
pressure can be seen
to increase from zero
at the critical point
of pure propane to a
maximum in the
neighborhood of
40 mole per cent
methane and again
to decrease at higher
compositions. From
thermodynamic
considerations (4)
this difference would
be expected to in-
crease from zero at
the critical point of
pure propane, pass through a maximum, and again reach zero
at the maximum critical pressure of the system. The large
region of retrograde condensation of the first kind (normal)
between C and C" is to be expected, owing to the large dif-
erence in critical temperatures of the components. The large
increase in critical pressure with composition can be attributed
to the same reason. Similar phenomena were observed in
the case of mixtures of carbon dioxide and hydrogen by
Yersehaffelt (7).
In Figure 3 are shown isothermal plots of the relation of
the composition of the saturated gas and liquid to pressure.
Again the large region of retrograde condensation is shown,
as well as the rapid increase in critical pressure with decreas-
ing temperature. The relative quantity of each phase
present for any condition of pressure and total composition
can be obtained directly from such plots by consideration of
the composition of each phase in relation to the total com-
position of the system.
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Figure 4. Constant Composition Curves at
20° C. on Density vs. Pressure Diagram,
Giving Boundary of Two-Phase Region
MOL PERCENT METHANE IN LIQUID
Figure 5. Constant Pressure Curves on
Gas Composition vs. Liquid Composition
Diagram
PRESSURE ATMOSPHERES
Figure 6. Constant Composition Curves at
20° C. on Perfect Gas Deviation vs. Pressure
Diagram
Figure 4 is a plot at 20° C. of the relations of pressure and
density for the entire pressure range studied. The upper
part of the boundary curve shows the density-pressure rela-
tion for saturated liquid, while the part below C shows the
same relation for the saturated gas. The total composition
lines represent the change in density during the course of an
isothermal compression. The curved line connecting the
origin with the lower end of the saturated vapor curve repre-
sents the density of pure propane in the superheated region.
As there were no satisfactory density data for pure propane
above 30 atmospheres known to the authors, the lines in the
upper part of the liquid region were omitted. The curve for
methane was calculated from published compressibility fac-
tors (3) and agreed closely with that directly determined ex-
perimentally. The intersections of the constant-composition
lines with the boundary curve give the density and pressure
of the saturated liquid and gas of that composition.
In Figure 5 is presented the relation of the composition of
liquid and vapor in equilibrium for a series of pressures. The
inversion of slope at pressures exceeding 50 atmospheres is
due to retrograde condensation. This inversion again dis-
appears as the maximum pressure for the two-phase region
is approached. The curves were not continued to higher con-
centrations of methane since this would necessitate data at
temperatures lower than those studied.
From the data in Tables I to III and calculations of the
perfect gas densities the compressibilities of given mixtures
at various temperatures and pressures can be calculated.
The results of such calculations for 20° C. are shown in Fig-
ure 6. Again the values for methane were interpolated from
published data (5) and were plotted for the sake of compari-
son. The pressure-volume products for each mixture are
compared to that of the same mixture at one atmosphere and
20° C. as unity. The breaks in some of the curves are due to
the transition from the two-phase liquid-gas region to the
one-phase liquid region.
Acknowledgment
The authors express their appreciation to the American
Petroleum Institute for financial support furnished for this
work.
Literature Cited
(1) Bur. of Standards, Circ. 279 (1925).
(2) Cummings, L. W. T., Ind. Eng. Chem., 23, 900 (1931).
(3) Dana, L. I., Jenkins, A. C., Burdick, J. N., and Timm, R.
Refrigerating Eng., 12, 387-405 (1926).
(4) Kuenen, J. P., “Verdampfung und Verflussigung von Gemischen,"
p. 80, Barth, Leipzig, 1906.
(5) Kvalnes and Gaddy, J. Am. Chem. Soc., 53, 398 (1931).
(6) Sage, B. H., and Lacey, W. N., Ind. Eng. Chem., 26, 103 (1934).
(7) Yersehaffelt, J. E., Communications Phys. Lab. Univ. Leiden,
No. 65 (1900).
Received August 25, 1933. The data presented in this paper represent
work done under Research Project 37 of the American Petroleum Institute.
